A Gram-negative, facultative anaerobic, motile, spiral, straight-to-slightly curved rod-shaped and nitrogen-fixing strain, designated T , was isolated from a microbial fuel cell (MFC) and was characterized by means of a polyphasic approach. Growth occurred with 0-1 % (w/v) NaCl (optimum 1 %) and at pH 5.5-8.5 (optimum pH 7.2) and at 25-37 6C (optimum 30 6C) in nutrient broth (NB). The strain had the ability to grow under anaerobic conditions via the oxidation of various organic compounds coupled to the reduction of anthraquione-2,6-disulfonate (AQDS). Chemotaxonomic characteristics (main ubiquinone Q-10, major fatty acid C 18 : 1 v7c/C 18 : 1 v6c and DNA G+C content 67.7 mol%) were similar to those of members of the genus Azospirillum.
The genus Azospirillum was first described by Tarrand et al. (1978) and at the time of writing comprises 15 species with Azospirillum lipoferum as the type species. Bacteria of the genus Azospirillum are widespread in nature, especially in the soils of tropical, subtropical and temperate regions (Lavrinenko et al., 2010) . Members of the genus have been reported to enhance the growth of plants due to their nitrogen-fixing ability (Dobereiner, 1983; Okon, 1985) .
Humus refers to heterogeneous high-molecular-mass organic matter present either in terrestrial or aquatic environments, which can be used as electron acceptors by micro-organisms for anaerobic growth (Lovley et al., 1996; Wu et al., 2011) . To obtain humus-reducing microbes, anthraquinone-2,6-disulfonic acid (AQDS), a model compound for quinone moieties in humus is frequently used as an electron acceptor for enrichment or isolation (Straub et al., 2005) . Although various humus-reducing microorganisms have been isolated from natural or engineered habitats (Lovley et al. 1996; Coates et al. 1998; Cervantes et al., 2002; Field & Cervantes, 2005; Hong et al., 2007; Wu et al., 2011) , at the time of writing, no study has reported humus reduction by strains of species of the genus Azospirillum. In our laboratory, strain T isolated from the anode biofilm of a microbial fuel cell (MFC) proved to be the first, to our knowledge, humus-reducing member of the genus Azospirillum.
Strain T was isolated from the anode biofilm of a MFC in our laboratory that was inoculated with 2 g paddy soil and 10 ml sodium acetate (1000 mg l 21 ) culture media solution. A piece of anode was transferred to 100 ml sterilized mineral salts medium [MSM, containing (l 21 ) 2.5 g NaHCO 3 , 0.68 g NaH 2 PO 4 , 0.25 g NH 4 Cl, 0.1 g KCl (Li et al., 2009) , and trace mineral solution and vitamin solution added at 1 % (v/v) (Lovley & Phillips, 1988 (80 : 20, v/v) for 30 min and sealed with a butyl-rubber stopper and an aluminium cap. After incubation at 30 u C for 5 days, the colour of the medium changed to bright-orange, indicating microbial reduction of the AQDS in the medium because AQDS is colourless while the reduced form of AQDS is bright orange. Then 10 % (i.e. 10 ml) of the medium was taken out and transferred into 100 ml fresh medium. This culture procedure was repeated three times. Isolation was performed by the dilution-plate method. The enriched population was serially diluted and the dilution was plated on the surface of nutrient agar (NA, pH 7.2) containing 5 g peptone, 3 g beef extract, 5 g NaCl and 15 g agar l 21 deionized water and incubated at 30 u C for 4 days. Single colonies were picked and subcultivation was done on the same medium for further study. Strains were preserved at 280 u C in nutrient broth (NB) supplemented with 15 % (v/v) glycerol. Unless otherwise indicated, morphological, physiological and chemotaxonomic studies were performed with cells grown in NB at pH 7.2 and 30 u C.
Cell morphology was observed using a transmission electron microscope (JEOL, Japan) and a light microscope (Olympus BX51, Japan) with 61000 magnification after 24 h of growth on NA medium at 30 u C. The colony morphology was recorded on NA. The Gram reaction was carried out by the method of Doetsch (1981) . For the Hugh-Leifson test for oxidative versus fermentative metabolism, the medium and procedures of Hugh and Leifson were used (Leifson, 1963) . Growth on MacConkey agar (Oxoid) was performed as follows: 150 ml of bacterial suspension was inoculated onto MacConkey agar plate and cells were incubated at 30 u C for 1 week. Analyses for the biotin requirement were carried out as described by Tarrand et al. (1978) . Bacterial growth at different temperatures (0, 4, 10, 15, 20, 25, 30, 37, 40, 42 and 45 u C) in NB for up to 1 week was tested. NaCl tolerance for growth was examined in NB containing 0-10 % NaCl (w/v) with increments of 1 %. pH range (4-11) for growth was determined in NB using the following buffer systems: pH 4.0-5.0, 0.1 M citric acid/0.1 M sodium citrate; pH 6.0-8.0, 0.1 M KH 2 PO 4 /0.1 M NaOH; pH 9.0-10.0, 0.1 M NaHCO 3 /0.1 M Na 2 CO 3 ; pH 11.0, 0.05 M Na 2 HPO 4 /0.1 M NaOH (Zhang et al., 2009) . The physiological and biochemical properties of strain T were determined using the API 20E, API 20NE and API ID 32GN bacterial identification kits (bioMérieux) according to the manufacturer's instructions. Motility, oxidase, catalase, DNase and hydrolysis of Tween 80, Tween 20, lecithin, casein, cellulose and starch were tested as described by Dong & Cai (2001) . All of the tests were performed in duplicate. Strain T showed phenotypic characteristics typical of most species of the genus Azospirillum. Cells of strain SgZ-5
T were Gram-negative, facultatively anaerobic, spiral, straight-to-slightly curved rods, 1.2-1.8 mm long and 2.5-5.5 mm wide and motile by means of a single polar flagellum (shown in Fig. S1 available in IJSEM Online). Cells contained intracellular granules, which were proven to be poly-b-hydroxybutyrate by staining with Sudan Black and examination with a light microscope (Schlegel et al., 1970) (shown in Fig. S2 ). Strain SgZ-5 T grew aerobically on NA, forming cream-coloured, round, smooth, convex and non-translucent colonies with a diameter of 1.0-1.5 mm after 24 h of incubation at 30 u C. Growth occurs in NB medium at 25-37 u C, pH 5.5-8.5 and 0-1 % NaCl. Optimum temperature is 30 u C, optimum pH is 7.2 and optimum NaCl is 1 %. Cells tested positive for oxidase, catalase, aesculin hydrolysis, gluconate utilization and adipic acid utilization, but negative for DNases, nitrite reduction, phenylacetic acid utilization and oxidation-fermentation test. The physiological characteristics of strain T are summarized in the species description and a comparison of selected characteristics with those of closely related type strains is given in Table 1 .
The ability of isolate T to fix nitrogen was tested using the acetylene-reduction assay, as described by Eckert et al. (2001) . For this purpose, bacterial cultures were grown in three 25 ml vials with 15 ml semi-solid NFB medium (Eckert et al., 2001 ) and the vials were sealed with rubber septa. An uninoculated vial was used to determine the level of ethylene contamination in the acetylene. All the isolates were incubated at 30 u C in the dark. After 36 h of inoculation, 1 % (v/v) of the air phase was replaced with acetylene (Burris, 1972) and the amount of ethylene was measured every 4 h for a total of 24 h. Ethylene was measured using a SP-2100 gas chromatograph equipped with a flame-ionization detector and a packed column (2.0 m62.0 mm i.d., stainless steel, packed with GDX-502). The flow rates of N 2 , H 2 and dried air were 30, 30 and 300 ml min 21 , respectively (Peng et al., 2006) . Cell count was performed by the dilution-plate method. After serial dilutions, the culture was plated on the surface of the NA medium and then cells were counted after incubation at 30 uC for 5 days. Strain T was able to reduce acetylene to ethylene with a mean rate of approximately 105 nmol ethylene per hour per 10 8 cells at 30 uC. This reduction rate is similar to those of other species of the genus Azospirillum (Eckert et al., 2001; Lin et al., 2009; Peng et al., 2006) . The reduction of AQDS by strain T with different electron donors (pyruvate, glucose, lactate and acetate) was determined according to the method described by Wu et al. (2011) . A considerable amount of reduced-AQDS was produced with glucose or pyruvate as electron donor by strain T , while a lesser amount of reduced-AQDS was produced with acetate, and almost no reduced-AQDS was detected with lactate (data shown in Fig. S3 ). While the AQDS was reduced with pyruvate as the electron donor, significant microbial growth was observed, with the final cell density approximately 20 times greater than the initial density. The result clearly demonstrated that humus reduction can yield energy to support cell growth. The comparison of AQDS reduction by strain T to that by closely related strains was made under the same condition as above, and reduced-AQDS in the medium was examined after 10 days of incubation. Using pyruvate as electron donor, reduced-AQDS was produced by Azospirillum thiophilum BV-S T but much less than that by strain SgZ-5 T ; even less reduced-AQDS was produced by Azospirillum lipoferum JCM 1247
T and Azospirillum oryzae COC8 T (data shown in Fig. S4 ). With the other three substrates as electron donors, reduced-AQDS was not detected in the media inoculated with A. thiophilum BV-S T , A. lipoferum JCM 1247 T or A. oryzae COC8 T (data not shown).
For determination of chemotaxonomic characteristics, cells grown in NB at 30 u C to the late-exponential growth phase were harvested by centrifugation, washed with distilled water and freeze-dried. Respiratory quinones were extracted and purified as described by Collins et al. (1977) and identified by HPLC (Tamaoka et al., 1983) . Fatty acids in the whole cells of strain SgZ-5 T , A. thiophilum BV-S T , A. lipoferum JCM 1247 T and A. oryzae COC8 T were saponified, methylated and extracted using the standard protocol of MIDI (Sherlock Microbial Identification System, version 6.0B), analysed with GC (Agilent Technologies 6850) and identified using the TSBA6.0 database of the Microbial Identification System (Sasser, 1990) . The DNA G+C content was determined by HPLC according to the method of Mesbah et al. (1989) . Chemotaxonomic data for strain T supported its affiliation to the genus Azospirillum. Strain SgZ-5 T contained a ubiquinone with ten isoprenoic units in the side chain (Q-10) as the predominant isoprenoid quinone of the respiratory chain. The fatty acid profiles are shown in Table 2 . Its major fatty acid compositions supported the affiliation of strain T to the genus Azospirillum; in addition, strain T exhibited clear differences in the relative abundance of fatty acids with respect to the type strains of its closest relatives. The G+C content of the genomic DNA of strain T was determined to be 67.7 mol%, which is in accordance with values for species . Data were obtained in this study unless indicated. All strains were positive for the following: motility; catalase; nitrate reduction; hydrolysis of starch; acid production from D-glucose; assimilation of D-glucose, malic acid, lactic acid and 3-hydroxybutyric acid. All strains were negative for the following: Gram stain; lysine decarboxylase; ornithine decarboxylase; H 2 S production; indole production; hydrolysis of gelatin, lecithin, Tween 80 and cellulose; acid production from Dmannitol, myo-inositol, D-sorbitol and sucrose; assimilation of itaconic acid and 5-ketogluconate. +, Positive; W, weakly positive; 2, negative; ND, not determined. To establish the phylogenetic position of strain SgZ-5 T , its 16S rRNA gene sequence was determined in this study and subjected to comparative analysis. Genomic DNA from cells was extracted using a commercial genomic DNA extraction kit (Aidlab Biotechnologie). The primer pair 27f (59-AGAGTTTGATCCTGGCTCAG-39) and 1492r (59-GGTTACCTTGTTACGACTT-39) was used for amplification of the 16S rRNA gene. The PCR product was gel purified using Gel Extraction kit D2500-01 (Omega Biotek) and then cloned into a plasmid vector using a TA cloning kit (TaKaRa). The 16S rRNA gene cloned in the plasmid vector was sequenced by Sangon (Shanghai, China) using a downstream vector primer M13r (59-CAGGAAACAGCTATGACC-39) and an upstream vector primer M13-47 (59-CGCCAGGGTTTTCCCAGTCACG-AC-39) as the sequencing primers. Identification of phylogenetic neighbours and the calculation of pairwise 16S rRNA gene sequence similarities were achieved using the EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/; Kim et al., 2012) . Multiple alignments were performed using the CLUSTAL X program (Thompson et al., 1997 ).
Phylogenetic trees with 1200 bootstrap replications were reconstructed using the MEGA 4.0 program with the maximum composite likelihood model (Tamura et al., 2007) . Clustering was performed with the neighbourjoining method (Saitou & Nei, 1987) . The almost complete 16S rRNA gene sequence (1410 bp) of T was determined. T displayed the highest 16S rRNA gene sequence similarities to A. lipoferum JCM 1247 T (98.0 %), A. thiophilum BV-S T (97.6 %) and A. oryzae COC8 T (97.1 %) and shared less than 97 % similarity with other species of the genus Azospirillum. The neighbour-joining tree depicting the phylogenetic relationships between SgZ-5 T and its nearest phylogenetic neighbours is shown in Fig.  1 . It was clear from the phylogenetic analysis that the new isolate can be grouped as a species of the genus Azospirillum, and formed a subclade together with A. lipoferum JCM 1247 T . Chromosomal DNA-DNA hybridizations were performed between SgZ-5 T and A. lipoferum JCM 1247 T , A. thiophilum BV-S T and A. oryzae COC8 T . DNA-DNA hybridization was carried out with photobiotin-labelled probes in microplate wells as described by Ezaki et al. (1989) T . These results demonstrate that isolate SgZ-5 T represents a separate species when the recommendation of a threshold value of 70 % DNA-DNA similarity for species definition is considered (Wayne et al., 1987) .
To further confirm the nitrogen-fixing capability of the isolate, a 420-base fragment of the nifH gene (encoding dinitrogenase reductase) was amplified from the extracted DNA using three pairs of primers, IGK (59-TACGGYAA-RGGBGGYATCGG-39) plus AQE (59-GACGATGATYT-CCTG-39), F1 (59-TAYGGIAARGGIAARGGIGGIATIGGI-AARTC-39) plus nifH-3r (59-TTGTTGGCIGCRTASAK-IGCCATT-39) and nifH-univ (59-GCIWTITAYGGIAA-RGGIGG-39) plus R6 (59-GCCATCATYTCICCIGA-39) and the protocols of Xie & Yokota (2004 ), Fedorov et al. (2008 and Marusina et al. (2001) . Amplification product was only obtained with primer pair IGK/AQE. This PCR product was purified and sequenced by Sangon. The sequence was deposited in GenBank (accession number JX294516) and was compared with nifH sequences retrieved from the GenBank database for members of the genus Azospirillum. Strain SgZ-5 T had the highest nifH sequence similarity with Azospirillum zeae LMG 23989 T (97 %). The similarities between nifH sequences of strain T and other members of the genus Azospirillum ranged from 94.0 % to 96.0 %.
Strain T shares some phenotypic features and similar chemotaxonomic characteristics with species of the genus Azospirillum, and the 16S rRNA gene sequence analysis revealed that T belongs to the genus Azospirillum as well. However, strain SgZ-5
T can be separated from closely related species in the genus Azospirillum by characteristics such as pH range for growth and the ability to assimilate maltose, L-rhamnose, myo-inositol, sucrose, suberic acid, melibiose and L-fucose, from A. lipoferum by characteristics such as growth without biotin and the present of oxidase, from A. thiophilum by characteristics such as optimal growth temperature, growth ability in 3 % NaCl and Voges-Proskauer reaction and from A. oryzae by characteristics such as growth on MacConkey agar and presence of b-galactosidase. The DNA-DNA hybridization experiments also support the conclusion that strain SgZ-5 T represents a species that is distinct from the recognized species of the genus Azospirillum. Therefore, on the basis of the data presented, strain SgZ-5 T is considered to represent a novel species of Azospirillum, for which the name Azospirillum humicireducens sp. nov. is proposed. Gram-negative, facultatively anaerobic, motile, spiral, straight-to-slightly curved rods, 2.5-5.5 mm long and 1.2-1.8 mm wide. Cells contain intracellular granules of polyb-hydroxybutyrate. Colonies are cream-coloured, round, smooth, convex and non-translucent with a diameter of 1-1.5 mm after incubation at 30 u C for 1 day on NA. Growth occurs with 0-1 % (w/v) NaCl (optimum 1 %), at pH 5.5-8.5 (optimum 7.2) and 25-37 u C (optimum 30 u C). Fixes nitrogen and grows on nitrogen-free medium. Can grow with AQDS as the sole terminal electron acceptor under anaerobic conditions. Can grow on MacConkey agar. Biotin is not required for growth. Positive for oxidase, catalase, bgalactosidase and nitrate reduction, weakly positive for urease and tryptophan deaminase and negative for DNases, nitrite reduction, oxidation-fermentation test, denitrification, hydrogen sulphide production, indole production, arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase and Voges-Proskauer reaction. Aesculin, casein, Tween 20 and starch are hydrolysed, but Tween 80, lecithin, cellulose and gelatin are not. Acid is produced from Larabinose, D-glucose and amygdalin (weakly), but not from myo-inositol, D-mannitol, D-sorbitol, melibiose, sucrose or L-rhamnose. N-Acetylglucosamine, citrate, D-ribose, myoinositol, sucrose, maltose, L-rhamnose, suberic acid, malonate, acetate, L-serine, salicin, L-lactate, L-alanine, gluconate, 2-ketogluconate, glycogen, D-mannitol, D-glucose, melibiose, L-fucose, D-sorbitol, L-arabinose, L-histidine, 3-hydroxybutyric acid, 4-hydroxybenzoic acid, L-proline, capric acid, adipic acid and malic acid are utilized as sole carbon sources, D-mannose is weakly utilized, and itaconic acid, 5-ketogluconate, propionic acid, valeric acid, 3-hydroxybenzoic acid and phenylacetic acid are not utilized. The major respiratory quinone is Q-10. The major fatty acids are C 18 : 1 v6c/C 18 : 1 v7c, C 16 : 0 and C 16 : 1 v6c/C 16 : 1 v7c. The type strain T (5CCTCC AB 2012021 T 5KACC 16605 T ) was isolated from a microbial fuel cell in Guangdong, China. The DNA G+C content of the type strain is 67.7 mol%.
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